
Complex Energy Materials with GW/BSE 
Approaches at the Molecular Foundry

Jeffrey B. Neaton
Director, Molecular Foundry
Lawrence Berkeley National Laboratory

I 

e"
e" e"

e"
e"

e"

e"

e"

e"
e"



The Molecular Foundry: 
Knowledge-Based User Facility for Nanoscale Science @ LBNL

‣ Multidisciplinary expertise & culture
‣ State of the art equipment and labs
‣ 22 scientific staff; 14 technical staff
‣ Access: peer reviewed; free of charge
‣ Web: foundry.lbl.gov
‣ Proposal deadline: March 31, 2014

Use   Learn   Collaborate 

Office of 
Science

Nano 
Materials 



Foundry Users of

Patrick Rinke
FHI-Berlin

Ferdinand Evers
KIT

Latha Venkataraman
Columbia

Leeor Kronik,
Weizmann Institute of 

Science

Stanimir Bonev,
LLNL

Alberto Morgante
U of Trieste

Tim Kaxiras,
Harvard

Per Hyldegaard
Chalmers Craig Fennie

Cornell

Norbert Koch
Humboldt 
University



Ab Initio Studies of Organic-Based Interfaces

Molecular Junctions

Charge Transport
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Motivation: Organic Semiconductors in PV

• Organics → light, flexible, inexpensive, chemically-diverse

• Low efficiencies (~10%), prone to degradation

• Excited states & transport → critical to efficiency, stability
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proper charge transport channels for collecting the electrons 
and holes15,16.

A typical PV process involves the creation of free carriers 
from incident photons. !e physics and the energy diagram of 
polymer–fullerene-based PSCs are illustrated in Fig.  1a17. !e 
external quantum e#ciency (EQE) as a function of wavelength 
(λ) is the ratio between the collected photogenerated charges 
and the number of incident photons, ultimately being the prod-
uct of four e#ciencies (η): absorption (A), exciton di$usion 
(ED), charge separation (CS) and charge collection (CC), giving 
EQE(λ)  =  ηA(λ)  ×  ηED(λ)  ×  ηCS(λ)  ×  ηCC(λ). !e photovoltage (or 
open-circuit voltage, VOC) is directly linked to the energy di$er-
ence between the LUMO level of the acceptor and the HOMO 
level of the donor, thereby providing the primary driving force 
for charge separation. Figure  1b compares the solar spectrum to 
the EQE spectrum of the representative PSCs (bandgap of 1.9 eV). 
!e short-circuit current density (JSC) is equal to the integral of the 
product between cell responsivity and incident solar spectral irra-
diance. !us, it is necessary to utilize a broader solar spectrum and 
enlarge the energy level di$erence between the LUMO level of the 
donor and the HOMO level of the acceptor, resulting in high val-
ues of JSC and VOC, respectively. Innovations in materials science 
have provided e#cient ways of achieving these goals. Morphology 
is another critical factor in bulk heterojunction PSCs. !e preferred 
morphology of bulk heterojunctions is a bicontinuous interpene-
tration network (Fig. 1c)18. Donor and acceptor domains should be 
twice the size of the exciton di$usion length (around 10 nm), which 
allows excitons to di$use to the donor–acceptor interface and thus 
achieves e#cient ηED(λ) and ηCS(λ) for charge generation. A&er 
charge separation at the donor–acceptor interface, holes and elec-
trons must travel to the positive and negative electrodes through 
donor and acceptor networks, respectively. !e third key factor is 
the organic–electrode interface, where the charges are extracted to 
external circuits. !e charge collection e#ciency ηCC(λ) accounts 
for both carrier transport in the networks and the extraction steps.

Building e#cient PSCs therefore requires a systematic consid-
eration and understanding of three key areas: materials design, 
morphology and manipulation, and interface engineering. It is 
worth pointing out that inorganic materials such as nanostruc-
tures of zinc oxide, titanium oxide and cadmium selenium can 
also function as acceptors for polymer donors, for which e#cien-
cies of over 3% have been demonstrated19–21. !is type of solution-
processed solar cell is typically categorized as a hybrid solar cell, 
and will therefore not be discussed in this Review.

Materials development
!e development of PSCs has always been accompanied by innova-
tions in materials science. Figure 2 shows the chemical structures 
of some representative materials. One of the earliest PSC polymers 
is poly[2-methoxy-5-(2’-ethylhexyloxy)-p-phenylene vinylene] 
(MEH-PPV), which was developed by Wudl  et  al.22. Wudl also 
invented one of the most important fullerene derivatives, PCBM8, 
which represents a milestone in the development of PSC acceptors 
and is still widely used today. In 1995, Yu et al. blended MEH-PPV 
with C60 and its derivatives to give the 'rst PSC with a high PCE13. 
!is work opened up a new era of polymer materials for use in 
solar energy conversion. A&er signi'cant optimization, research-
ers achieved PCEs of more than 3.0% for PPV-based PSCs23,24. 
However, further improvement was limited by the relatively low 
hole mobility and narrow light absorption range. Soluble poly-
thiophenes, especially poly(3-hexylthiphene) (P3HT)26, with their 
higher hole mobility25 and therefore a broader spectrum coverage 
than MEH-PPV, have become a standard for PSC materials in the 
2000s. Morphology optimization15,16 has provided PCEs of 4–5%, 
thus attracting worldwide interests in PSCs.

Many more high-performance polymers have been developed 
in recent years. One of these is poly[2,6-(4,4-bis-(2-ethylhexyl)-
4H-cyclopenta[2,1-b;3,4-b’]dithiophene)-alt-4,7-(2,1,3-benzothi-
adiazole)] (PCPDTBT), a low-bandgap polymer whose absorption 
extends up to 900 nm. PSCs made from this polymer have showed an 
initial e#ciency of around 3%27. However, by incorporating alkan-
edithiol additives, researchers were able to achieve e#ciencies of 
around 5.5%28. Leclerc et al. developed poly[N-9’’-hepta-decanyl-
2,7-carbazole-alt-5,5-(4’,7’-di-2-thienyl-2’,1’,3’-benzothiadiazole)] 
(PCDTBT), which gave a PCE of 3.6%29. In 2009, researchers 
increased this to 6.1% by incorporating a titanium oxide (TiOx) 
layer as an optical spacer30. !e most impressive high-performance 
polymers are those designed by Yu et al., which are composed of 
thieno[3,4-b]-thiophene (TT) and benzodithiophene (BDT) alter-
nating units31–33. !is was the 'rst polymer donor system capable 
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Figure 1 | Introduction to PSCs. a, The operating mechanism of a PSC. 
b, Comparison between solar spectrum and the photoresponse of a 
P3HT:PCBM solar cell. c, Conceptual morphology model with bicontinuous 
interpenetration network of the polymer and the acceptor18. Figure c 
reproduced with permission from ref. 18, © 2007 ACS.
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of reaching PCEs of 7–8%. Following this work, PCEs of more 
than 7% were frequently reported with either new materials or 
novel device optimization techniques34–40.

Materials innovation is one of the major forces currently driv-
ing the performance of PSCs. !e key issues of polymer design 
include41,42 engineering the bandgap and energy levels to achieve 
high JSC and VOC, enhancing planarity to attain high carrier mobil-
ity, and materials processability and stability. All of these issues are 
correlated with each other. In the ideal case, all factors should be 
optimized in a single polymer, but this remains a signi"cant chal-
lenge. !e e#ciency of a PSC is given by η = VOC × JSC × FF, where 
FF is the "ll factor. Knowledge of the link between the design of 
a polymer and these parameters has been signi"cantly improved 
over the past decade.

!e value of VOC for a PSC can be expressed by the empirical 
equation VOC = e–1 × (|EHOMO

donor| − | ELUMO
acceptor| − 0.3 eV), where e is 

the elementary charge, E is the energy level and 0.3 eV is an empir-
ical value for e#cient charge separation43. A donor polymer with a 
lower HOMO level will give a higher VOC. P3HT is by far the most 
popular donor, with a HOMO level of ~4.9 eV (ref. 44), which cor-
responds to a VOC value of around 0.6 V and serves as a reference 
for polymer design15. !iophene is an electron-rich group45,46. !e 
HOMO level of the polymer in a PSC can be e'ectively lowered 
by utilizing groups that are less electron-rich29,47–49. For example, 
(uorene and carbazole are commonly used units in wide-bandgap 
materials because they are less electron-rich than thiophene. By 
incorporating these units into a polymer donor, VOC can be sig-
ni"cantly increased. Cao et al. demonstrated a polymer containing 
a (uorene unit that achieved VOC ≈ 1.0 V (ref. 47). Inganäs et al. 
also reported a polymer composed of (uorene and quinoxaline 
alternating units48 that reached VOC ≈ 1.0 V. Another example is 
PCDTBT, which incorporates carbazole units in the polymer 
chain, from which researchers achieved VOC ≈ 0.89 V (ref. 29). VOC 
is also a'ected by non-radiative recombination between the donor 
and the acceptor. Eliminating these non-radiative pathways50 will 
help to maximize VOC. However, linking polymer design with such 
an elimination process remains a signi"cant challenge.

JSC is another important parameter that determines the perfor-
mance of a PSC. !e most powerful strategy for achieving high 

JSC is to narrow the bandgap (<1.8  eV) for a broader coverage 
of the solar spectrum41,42,51. Methods for achieving this include 
designing an alternating donor–acceptor structure, stabilizing 
the quinoid structure, controlling the polymer chain planarity, 
and tuning the e'ective conjugation length. Designing an alter-
nating donor–acceptor structure is the most common approach, 
in which the push–pull driving forces between the donor and 
acceptor units, together with the photoinduced intramolecular 
charge transfer, facilitates electron delocalization and the for-
mation of low-bandgap quinoid mesomeric structures over the 
polymer backbone41,52,53. According to molecular orbital perturba-
tion theory, electron delocalization leads to the hybridization of 
molecular orbitals, resulting in electron redistribution throughout 
the interacting orbitals. !is provides two new hybridized orbit-
als — a higher HOMO level and a lower LUMO level — resulting 
in a narrower bandgap. One of the most successful examples of 
this donor–acceptor structure is PCPDTBT27,28. By combining a 
dialkyl-cyclopentabithiophene donor unit and benzothiadiazole 
acceptor unit, the bandgap of PCPDTBT spans 1.4  eV (around 
900 nm). !is donor–acceptor structure is not limited to the poly-
mer main chain. Huang et al. demonstrated that a donor–acceptor 
structure comprising an acceptor-based side chain and a donor-
based main chain also results in a lower bandgap54. Another suc-
cessful way of reducing the bandgap is to stabilize the quinoid 
structure of conjugated units31,51. !e ground state of a conjugated 
structure has two resonance structures: an aromatic form and 
a quinoidal form41. !e quinoidal form is energetically less sta-
ble because of its smaller bandgap; achieving a stable quinoidal 
form therefore reduces the bandgap. Yu  et  al. have found that a 
thieno[3,4-b]thiophene unit can stabilize the quinoidal structure 
through a fused thiophene ring31,32,51. Polymers containing TT and 
BDT alternating units have bandgaps of around 1.6 eV.

Narrowing the bandgap alone is not necessarily enough to 
achieve high JSC. Other parameters, such as carrier mobility, 
intermolecular interaction and molecular chain packing, also 
a'ect JSC. For example, tuning the chemical structure provides 
e'ective ways to improve hole mobility. Yang  et  al. developed 
poly(4,4-dioctyldithieno(3,2-b:2’,3’-d)silole)-2,6-diyl-alt-(2,1,3-
benzothiadiazole)-4,7-diyl) (PSBTBT) by replacing the bridg-
ing carbon atom in PCPDTBT with a silicon atom55,56. PSBTBT 
has a higher crystallinity than PCPDTBT and therefore has 
improved hole mobility, leading to a higher value of JSC. Using a 
large planar structure can also improve transport by enhancing 
molecule packing57,58.

Although VOC and JSC can indeed be improved by employing 
these strategies, it remains a challenge to improve both values 
simultaneously. Narrowing the bandgap can improve JSC, but VOC 
may correspondingly be decreased because of the higher HOMO 
level that results. Researchers recently demonstrated that struc-
tural "ne-tuning is a powerful approach for improving both VOC 
and JSC simultaneously (refs  32–35). For example, introducing a 
(uorine atom into the TT unit reduces both HOMO and LUMO 
levels simultaneously, while also improving VOC and retaining the 
bandgap32,35. Fine-tuning the side-chain structure can also result in 
a similar e'ect. One example is to simultaneously lower both the 
HOMO and LUMO levels by replacing the electron-rich alkoxy 
side chain with the less electron-rich alkyl chain33.

!e third parameter for achieving high e#ciency in a PSC is the 
FF, which is currently the least understood one among the three. 
!e FF is the ratio between the maximum obtainable power and 
the product of JSC and VOC. It is a'ected by many factors, includ-
ing charge carrier mobility and balance, interface recombination, 
series and shunt resistances, "lm morphology and miscibility 
between the donor and acceptor59. However, obtaining a clear 
understanding and the ability to modulate the FF still remains a 
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Figure 2 |Device performance of SM BHJ solar cells. a, Current–voltage (J–V) characteristics of SM BHJ solar cells based on a DTS(PTTh2)2:PC70BM
active layer with different blend ratios. The films were cast from 4%w/v chlorobenzene solution. b,c, J–V characteristics (b) and IPCE spectra (c) of solar
cells with a DTS(PTTh2)2:PC70BM (70:30w/w) active layer as a function of DIO content in mixed solutions (by volume relative to chlorobenzene).

and transfer curves are presented in Supplementary Fig. S10. The
device exhibits p-type transport, with a hole mobility (saturation
regime) of 0.12 cm2 V�1 s�1 and an on/off ratio of ⇥107. The hole
mobility is amongst the highest reported for solution-processed
small-molecule donors7. Owing to the high charge-carrier mobility,
efficient charge transport in the solar cell is anticipated.

Photovoltaic characteristics were investigated with the conven-
tional architecture of indium tin oxide (ITO)/MoOx/DTS(PTTh2)2
:[6,6]-phenyl C70-butyric acid methyl ester (PC70BM)/Al. Molyb-
denum oxide (MoOx) was chosen as the anode interlayer as it has
been shown to function as an excellent hole extraction layer28.
The effect of different DTS(PTTh2)2:PC70BM active-layer com-
positions cast from chlorobenzene was first investigated. Current
density–voltage (J–V ) characteristics under one sun (simulatedAM
1.5G irradiation at 100mWcm�2) are shown in Fig. 2a. Device
performance parameters are summarized in Table 1. Initial de-
vices fabricated from blend solutions with a DTS(PTTh2)2:PC70BM
composition of 80:20 w/w showed a PCE of 3.6%, with a

short-circuit current (Jsc) of 11.4mA cm�2, an open-circuit voltage
(Voc) of 0.80 V and a fill factor (FF) of 39%. After increasing
the DTS(PTTh2)2:PC70BM composition ratio to 70:30, the PCE
increased to 4.5%. The devices show a large drop in efficiency on
increasing the fullerene loading. At the 50:50 blend ratio, the PCE
was approximately 1%.

Incorporating solvent additives to the solutions from which the
BHJ layers are cast is widely used for the fabrication of efficient
polymer-based devices. On the basis of a 70:30 blend ratio, we
examined the role of additives. Typically, solvent additive concen-
trations in polymer solutions range between 1 and 3%v/v (ref. 29).
We found that using a standard formulation involving DIO and
chlorobenzene leads to a deterioration in device performance. For
example, as shown in Fig. 2b, DTS(PTTh2)2:PC70BM (70:30w/w)
BHJ films fabricated from blend solutions containing 1% v/v DIO,
relative to the parent chlorobenzene solvent, yield devices with
Jsc = 2.0mA cm�2, Voc = 0.70V and FF = 31% (PCE = 0.43%).
However, decreasing the DIO content leads to an improvement
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Solid-Phase Pentacene and PTCDA
Pentacene  (C22H14)
•Triclinic,      space group
•2 molecules/unit cell 

PTCDA (C24H8O6)
• Monoclinic, P2/m space group
• 2 molecules/unit cell
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Systems optimized with lattice parameters fixed to experiment
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Band Structure and Densities of States: DFT vs GW

• Bulk gap of 2.2 eV rationalizes photoemission experiments
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Quasiparticle Gaps and Polarization

4.5 eV 2.2 eV
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•     Expt.
-  GW/BSE

Lowest singlet
1.75 eV

Lowest triplet
1.2 eV

Pentacene Optical Absorption Spectrum

Onset energies agree well with previous work: 
Tiago,et al. PRB 67 (2003); Amborsch-Draxl,et al. New J. Phys.(2009); 
Sharifzadeh, et al. PRB 85 (2012); Cudazzo, et al. PRB 86 (2012)

Optical Gap Molecule Crystal

PentacenePentacenePentacene

GW/BSE 2.2 eV 1.75 eV
Expt. 2.3 eV 1.8 eV

PTCDAPTCDAPTCDA

GW/BSE 2.6 eV 2.1 eV
Expt. 2.6 eV 2.2 eV



Pentacene

Ψ2(re,rh), where rh 
fixed

Low-Energy Excitons in PEN and PTCDA

Δ(eV) Molecule X’tal

PentacenePentacenePentacene

GW/BSE 2.3 0.45

PTCDAPTCDAPTCDA

GW/BSE 2.1 0.6

Δbulk ~ 1/ε * Δmol

Simple screening provides 
good estimate of binding 

energy!

PTCDA



Low-Energy Excitons in PEN and PTCDA

Δ(eV) Molecule X’tal

PentacenePentacenePentacene

GW/BSE 2.3 0.45

PTCDAPTCDAPTCDA

GW/BSE 2.1 0.6

Δbulk ~ 1/ε * Δmol

Electrostatics dominate 
binding energy!

PTCDA

Pentacene

Ψ2(re,rh), where rh 
fixed

TripletSinglet



Are Low-Energy Excitons in Pentacene of 
Charge-Transfer Character?

Experimental disagreement
• Exciton dispersion: Schuster, et al Phys Rev. Lett (2007)

• Electroabsorption: Haas, et al PRB (2010); Sebastien, et al (1981)

• Semi-empirical studies: Yamagata, et al., JCP (2011) 

• Many-body perturbation theory studies: 
  Tiago, et al. PRB 67 (2003); Sharifzadeh,et al. PRB 85 (2012); Cudazzo, et al PRB 86 (2012)

• TDDFT calculations on clusters: Zimmerman, et al JACS 133 (2011)

Theoretical disagreement

• Electron-hole correlation function to quantify charge transfer character
• Future → relate to observables (fission, transport, matrix elements ...) 

Our approach

Inversion symmetry: 
no net dipole
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Charge-Transfer States at Higher Energies in Pentacene

Sharifzadeh, Darancet, Kronik, Neaton, J. Phys. Chem. Lett. 4, 2197 (2013)
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Singlet fission in acene crystals & the role of 
charge transfer excited states

S1

T1T1

0

ES > 2ET?

Singlet fission: our solid-state calculations indicate that the singlet is “charge-
transfer like”, suggesting a direct transfer mechanism is possible

Fission via charge-transfer states
114103-2 Berkelbach, Hybertsen, and Reichman J. Chem. Phys. 138, 114103 (2013)

FIG. 1. Schematic representation of the five electronic states relevant for
singlet fission in a dimer. The actual states employed in the calculations are
spin-adapted linear combinations yielding overall spin-singlets, unlike those
shown here.

multi-exciton triplet-triplet state, i.e., E(S1S0), E(S0S1)
> E(CA), E(AC) > E(T1T1).

This viewpoint is consistent with a recent quantum chem-
istry calculation on pentacene clusters reported by Zimmer-
man et al.28 These authors concluded that because CT states
were calculated to be significantly higher in energy than in-
tramolecular singlets (by about 300 meV or more), singlet
fission in pentacene cannot take place via the mediated mech-
anism. Rather, the authors supported the direct mechanism,
estimating a direct coupling matrix element of about 5 meV.
However, this number is almost two orders of magnitude
smaller than that required to explain the experimentally ob-
served timescale of fission in pentacene, ranging from 80 to
200 fs.9, 10, 21–23

The present article is a first step towards the resolution of
this apparent paradox. Because singlet fission is inherently a
dynamical process, one must exercise caution in the interpre-
tation of static electronic structure calculations and their im-
plications for fission. As such, we argue that a microscopic,
dynamical treatment of the relevant electronic states coupled
to a finite temperature bath is crucial for a theoretically sound
description of singlet fission processes. Furthermore, the ac-
curacy of the methodology and its associated approximations
must be established for these complex problems. The imple-
mentation should be carefully benchmarked and thoughtfully
parametrized for the relevant physical problem, in this case,
singlet fission. We have carried out the first step of bench-
mark calculations in our previous paper18 and here we take
the second step, parametrizing a system-bath Hamiltonian for
fission in molecular dimers and using an accurate quantum
relaxation master equation to calculate the fission dynamics.
Through this program, we are able to make firm statements
regarding the feasibility of competing mechanisms as well as
predict and rationalize experimental fission rates.

The layout of the paper is as follows. We begin in Sec. II
with a review of the methodology presented in our previous
paper.18 In Sec. III we present our results for pentacene, which
explore the effects of energy levels, electronic couplings, and
phonon properties. Although we use pentacene as an example
molecule, our exploration of important singlet fission param-

eters is sufficiently broad so as to elucidate generic aspects
of singlet fission. We summarize our work and conclude in
Sec. IV.

II. METHODOLOGY

In this section, we briefly describe the adopted theo-
retical methodology as laid out in our previous paper, to
which the reader is referred for more details.18 In essence,
we employ a system-bath Hamiltonian describing the cou-
pling of the electron and phonon degrees of freedom,29, 30

Ĥtot = Ĥel + Ĥel−ph + Ĥph, with

Ĥel =
∑

i

|i〉Ei〈i| +
∑
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∑
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∑
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]
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The parameters of this Hamiltonian are determined via a vari-
ety of ab initio and semi-empirical methods, and the dynamics
generated under the action of this Hamiltonian are calculated
by a perturbative quantum master equation. The electronic
structure and quantum dynamics methodologies are described
in Secs. II A and II B.

A. Geometry and electronic structure

To evaluate the role of molecular geometry, we con-
sider individual pentacene dimers extracted from the ab plane
of the experimental crystal structure.31 There are approxi-
mately three symmetry unique nearest-neighbor dimer pairs,
as shown in Fig. 2, corresponding to the [a b] translation vec-
tors [1 0], [1/2 1/2], and [−1/2 1/2]. By investigating these
dimers in particular, we are probing the extent to which ef-
ficient singlet fission observed in crystals but not dimers may
be due simply to molecular orientation as opposed to explicit

FIG. 2. Molecular geometry of the pentacene crystal. Three pentacene
molecules are emphasized, displaying the three symmetry-unique nearest-
neighbor dimer pairs discussed in the text. Also shown are isosurface plots
of the HF HOMO (a) and LUMO (b) of the isolated molecules, including the
phase convention adopted in this work.
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> E(CA), E(AC) > E(T1T1).

This viewpoint is consistent with a recent quantum chem-
istry calculation on pentacene clusters reported by Zimmer-
man et al.28 These authors concluded that because CT states
were calculated to be significantly higher in energy than in-
tramolecular singlets (by about 300 meV or more), singlet
fission in pentacene cannot take place via the mediated mech-
anism. Rather, the authors supported the direct mechanism,
estimating a direct coupling matrix element of about 5 meV.
However, this number is almost two orders of magnitude
smaller than that required to explain the experimentally ob-
served timescale of fission in pentacene, ranging from 80 to
200 fs.9, 10, 21–23

The present article is a first step towards the resolution of
this apparent paradox. Because singlet fission is inherently a
dynamical process, one must exercise caution in the interpre-
tation of static electronic structure calculations and their im-
plications for fission. As such, we argue that a microscopic,
dynamical treatment of the relevant electronic states coupled
to a finite temperature bath is crucial for a theoretically sound
description of singlet fission processes. Furthermore, the ac-
curacy of the methodology and its associated approximations
must be established for these complex problems. The imple-
mentation should be carefully benchmarked and thoughtfully
parametrized for the relevant physical problem, in this case,
singlet fission. We have carried out the first step of bench-
mark calculations in our previous paper18 and here we take
the second step, parametrizing a system-bath Hamiltonian for
fission in molecular dimers and using an accurate quantum
relaxation master equation to calculate the fission dynamics.
Through this program, we are able to make firm statements
regarding the feasibility of competing mechanisms as well as
predict and rationalize experimental fission rates.

The layout of the paper is as follows. We begin in Sec. II
with a review of the methodology presented in our previous
paper.18 In Sec. III we present our results for pentacene, which
explore the effects of energy levels, electronic couplings, and
phonon properties. Although we use pentacene as an example
molecule, our exploration of important singlet fission param-

eters is sufficiently broad so as to elucidate generic aspects
of singlet fission. We summarize our work and conclude in
Sec. IV.

II. METHODOLOGY

In this section, we briefly describe the adopted theo-
retical methodology as laid out in our previous paper, to
which the reader is referred for more details.18 In essence,
we employ a system-bath Hamiltonian describing the cou-
pling of the electron and phonon degrees of freedom,29, 30
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ety of ab initio and semi-empirical methods, and the dynamics
generated under the action of this Hamiltonian are calculated
by a perturbative quantum master equation. The electronic
structure and quantum dynamics methodologies are described
in Secs. II A and II B.

A. Geometry and electronic structure

To evaluate the role of molecular geometry, we con-
sider individual pentacene dimers extracted from the ab plane
of the experimental crystal structure.31 There are approxi-
mately three symmetry unique nearest-neighbor dimer pairs,
as shown in Fig. 2, corresponding to the [a b] translation vec-
tors [1 0], [1/2 1/2], and [−1/2 1/2]. By investigating these
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be due simply to molecular orientation as opposed to explicit
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neighbor dimer pairs discussed in the text. Also shown are isosurface plots
of the HF HOMO (a) and LUMO (b) of the isolated molecules, including the
phase convention adopted in this work.
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CONS P EC TU S

S inglet fission occurs when a single exciton splits into
multiple electron-hole pairs, and could dramatically

increase the efficiency of organic solar cells by converting
high energy photons into multiple charge carriers. Scientists
might exploit singlet fission to its full potential by first
understanding the underlying mechanism of this quantum
mechanical process. The pursuit of this fundamental
mechanism has recently benefited from the development
and application of new correlated wave function methods.
These methods;called restricted active space spin flip;
can capture the most important electron interactions in
molecular materials, such as acene crystals, at low compu-
tational cost. It is unrealistic to use previous wave function methods due to the excessive computational cost involved in simulating
realistic molecular structures at a meaningful level of electron correlation.

In this Account, we describe how we use these techniques to compute single exciton and multiple exciton excited states in
tetracene and pentacene crystals in order to understand how a single exciton generated from photon absorption undergoes fission
to generate two triplets. Our studies indicate that an adiabatic charge transfer intermediate is unlikely to contribute significantly to
the fission process because it lies too high in energy. Instead, we propose a newmechanism that involves the direct coupling of an
optically allowed single exciton to an optically dark multiexciton. This coupling is facilitated by intermolecular motion of two acene
monomers that drives nonadiabatic population transfer between the two states. This transfer occurs in the limit of near
degeneracies between adiabatic states where the Born!Oppenheimer approximation of fixed nuclei is no longer valid. Existing
theories for singlet fission have not considered this type of coupling between states and, therefore, cannot describe this
mechanism.

The direct mechanism through intermolecular motion describes many experimentally observed characteristics of these
materials, such as the ultrafast time scale of photobleaching and triplet generation during singlet fission in pentacene. We believe
this newly discovered mechanism provides fundamental insight to guide the creation of new solar materials that exhibit high
efficiencies through multiple charge generation.

Introduction
Singlet fission (SF) has attracted considerable interest based
on its potential to increase the efficiency of photovoltaic
materials.1 SF is the spin-allowed conversion of a photo-
excited single exciton into two (singlet-coupled) triplet ex-
citons. Although SF was first observed decades ago in
anthracene, tetracene, and rubrene crystals,2!5 quantum
mechanical (QM) calculations of themultiexciton (ME) states

in these materials have until recently been intractable.
Consequently, the only known fundamental criterion for
SF was the energetic requirement that the bright single
exciton (SE) state must have around twice the energy of
the triplet (T1) ESE g 2ET1.

6 However, QM methods have
recently advanced to where ME states can be calculated in
realistic molecular models7,8 to enable the identification of
specific coupling coordinates for efficient SF. Our ab initio

Fission via non-adiabatic vibrational coupling
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